ABSRACT Gamma rays from a cesium source were used to generate human lymphoblastoid cell line variants that had lost expression of all major histocompatibility complex antigens coded for by a single haplotype. The cell line was heterozygous at the glyoxalase I locus and had the HLA haplotypes ILA-Al, BS, DRw3, and HIA-A2, B5, DRwl. We selected with anti-HLA-B8 antiserum in a population of cells that had been irradiated with 300 B. The incidence of BS-loss variants was 4.1 X 10-5 on day 5 after irradiation. Analysis of variants showed that expressions of ILA and GLO alleles transto B8 were retained. However, expression of additional cis-linked [ILA and GLO gene products was lost in 12 of 17 variants. Variants that had lost expression of (0) HA-B8, (il) HLA-B8, Al, (iii) ILA-B8, Al, DRw3, or (iv) HLA-BS, Al, DRw3 and the cis-linked glyoxalase I allele were obtained. Karyotype analysis was performed on eight variants that had lost expression of two or more cis-linked alleles. Three variants had two normal appearing no. 6 chromosomes, four variants had a deletion that included the region coding for HLA genes on the short arm of one no. 6 chromosome, and one variant had an inversion or translocation involving the short arm of one no. 6.
ABSRACT Gamma rays from a cesium source were used to generate human lymphoblastoid cell line variants that had lost expression of all major histocompatibility complex antigens coded for by a single haplotype. The cell line was heterozygous at the glyoxalase I locus and had the HLA haplotypes ILA-Al, BS, DRw3, and HIA-A2, B5, DRwl. We selected with anti-HLA-B8 antiserum in a population of cells that had been irradiated with 300 B. The incidence of BS-loss variants was 4.1 X 10-5 on day 5 after irradiation. Analysis of variants showed that expressions of ILA and GLO alleles transto B8 were retained. However, expression of additional cis-linked [ (3, 4) and of human lymphoblastoid cell lines (5, 6) has been reported. A single exposure of cell lines to H-2 or HLA antiserum and complement sufficed for isolation of resistant clones.
Variants of human lymphoblastoid cell lines with altered expression of a MHC antigen were first reported by Pious et al. (5) . Variants that originated spontaneously or after treatment with chemical mutagens were obtained (7, 8) . The great majority of these variants had lost expression of only the HLA antigen selected against, but simultaneous loss of two or more HLA antigens in three variants that originated after unspecified mutagenesis has been briefly reported in an abstract (9) . The mechanism of variant formation was not determined precisely. Evidence against antigenic modulation, chromosome loss, mitotic recombination, and antigenic masking was reported in several variants tested (10) .
We have used anti-HLA-B8 antiserum and rabbit comple- (12) , except that infected lymphocytes were plated directly on gamma-irradiated feeder layers of fibroblasts without an intervening layer of agarose.
Variants were isolated from LCL-721, which had been in culture for 10 months. The HLA haplotypes and their cis-linked glyoxalase alleles on the short arm of chromosome 6 starting from the centromere were Glo, HLA-DRw3, -B8, -Al and Glo"j, HLA-DRwl, -B5, -A2 (Fig. 1) Selection against cells that expressed HLA-B8 was not complete. Therefore, cytotoxicity tests (13) were used to determine if colonies that grew after selection were true variants.
Absorption. Cells (10 X (17) . Cells (5 X 106) growing exponentially were centrifuged for 5 min at 150 X g, washed once with phosphate-buffered saline (Ca2 -, Mg2+-free), transferred' to Microfuge tubes, and centrifuged for 10 sec at 8700 X g in a Beckman Microfuge B. After the supernatant was removed, 60 Ai of gel buffer was added and the cells were resuspended. The suspension was freeze-thawed three times in acetone/dry ice and then centrifuged for 20 min at 35,000 X g in a Sorvall RC-5 centrifuge. Fifty microliters of lysate was added to slots in the gel and then overlayered with paraffin. Electrophoresis was for 17 hr at 3.6 V/cm at 4°C. The enzyme was located in the gel by staining with iodine according to the procedure of Parr et al. (18) .
Karyotyping. Lymphoblastoid cells were grown at 2 X 105 to 8 X 105 cells per ml in spinner cultures in 15% FCS/RPMI containing 0.1% Pluronic F68 (BASF, Wyandotte, MI). An aliquot (2.5 X 106 cells) was incubated for 2 hr at 37°C with vinblastine sulfate (Velban, Eli Lilly) at 0.05 ,g/ml. Cells were spun at 350 X g for 1.5 min and slowly resuspended in 5 ml of hypotonic solution (40 X stock: NaCI, 90 g/liter; Na2HPO4, 13.65 g/liter; NaH2PO4.H20, 2.14 g/liter) at 370C. After a 15-, 20 -, or 30-min incubation, cells were spun as before and slowly resuspended in 1.5 ml of ice-cold methanol/acetic acid, 3:1 (vol/vol), as fixative. After a 10-min incubation on ice, the cells were given two more fixative rinses separated by a 10-min interval on ice. Cells were resuspended in a final volume of 0.7 ml of fixative and stored at 4°C overnight. Cells were then usually resuspended in methanol/acetic acid, 1:1 (vol/vol), and, after 4 hr, 3 drops of cell suspension were dropped 3 feet onto Proc. Nati. Acad. Sci. USA 77 (1980) wet (cold water) slides and dried with warm air from a hair dryer. After 7 days of storage, cells were subjected to brief trypsinization and stained with Giemsa by a modified Seabright method (19) . Slides were immersed in a 0.0125% trypsin solution (20-220C) for 20-35 sec. The stock trypsin solution, made just before use, was 0.0325 g of Difco 1:250 trypsin in 5 ml of DP rinsing solution (0.1 g of KC1, 4.0 g of NaCl, 0.1 g of KH2PO4, and 0.58 g of Na2HPO4 made up to 500 ml with distilled water and adjusted to pH 7.0 with 0.2 M Na2HPO4 or 5 M HCI); 1 ml of this stock solution was diluted in 49 ml of DP solution. After trypsinization, slides were put through two 45-sec rinses with DP solution. Slides were then stained for 4-6 min in 1.5 ml of Giemsa (Harleco, no. 620) plus 50 ml of pH 6.8 buffer made up with Gurr's pH 6.8 buffer tablets. Slides were rinsed in distilled water for 5-10 sec and air dried. Sometimes, aged slides were incubated overnight in a 560C oven before staining.
RESULTS
During initial selection experiments with anti-HLA-B8 antiserum, several variants were identified that survived the selection procedure but were sensitive to killing effects of the antiserum, although less so than the parental LCL-721 cells. It seemed possible that the antibody reacting against the survivors was directed against antigens other than B8, such as DRw3. The antiserum was subsequently absorbed with an anti-B8-sensitive variant. This absorbed serum was used in subsequent experiments because it no longer killed variants but was still able to kill essentially all of the parental LCL-721 cells. Any contaminating anti-HLA-Al or anti-HLA-DRw3 antibody that may have existed in the serum would have been removed by the absorption procedure because the B8 variant used for absorption expressed HLA-A1 and -DRw3.
Because there was no published account of the mutagenic effects of ionizing radiation on LCL lines, cell survival and the incidence of hypoxanthine phosphoribosyltransferase (HPRT) variants at different doses of irradiation -were determined for LCL-721. The HPRT selection system was used as a "rangefinder" for mutagenizing HLA genes. The Do dose (the dose giving a survival of 37%) was 161 R and the back-extrapolate of the exponential portion of the survival curve to 0 dose was 1.2. A dose of 300 R was chosen for irradiating cells before antibody selection because it gave a survival of 10% and the incidence of HPRT mutants increased to 3.9 X 10-5 per survivor (details of this work will be published elsewhere).
At the beginning of a selection experiment, 8 X 106 cells were irradiated with 300 R. The total number of cells began to increase on the second day after irradiation and increased exponentially thereafter. On days 5, 7, 9, and 13, selection with antiserum was imposed on 4 X 106 cells from the irradiated culture and on 1 X 106 unirradiated cells to measure the background of spontaneous variants. After selection the cells were plated in soft agarose medium and colonies were isolated after 14-18 days. Only about 60% of the isolated clones grew well enough to be analyzed. Most of those that died contained less than about 1000 cells. Because the highest proportion of variants occurred in small clones and small clones were most likely to die before being analyzed, the mutation frequency observed may be an underestimate. A total of 43 induced and 1 spontaneous variant was obtained ( Table 1 ). The highest mutant frequency occurred on day 5 and was 4.1 X i0-5. The spontaneous frequency was 0.5 X 10-5 or lower. Variants were stable because the B8 phenotype did not reappear in any variant after 6 months in culture without selection.
Analysis of Variants. The 44 variants that had lost expression of the HLA-B8 antigen were analyzed to determine if other HLA encoded histocompatibility antigens or allelic products of glyoxalase I had been lost. Of those tested, none had lost histocompatibility antigens or the Glol type coded for by genes in the trans position relative to the B8 allele. However, expressions of css-linked HLA loci were simultaneously lost in some of the variants. Some of the variants lost expression of the css-linked Glo' allele as well (Fig. 2) . The highest incidence of variants with multiple losses occurred on days 5 and 7. Variants that had lost expression of (i) HLA-B8 alone, (ii) HLA-B8, Al, (iii) HLA-B8, Al, DRw3, or (iv) HLA-B8, Al, DRw3, and Glo2 were found (Table 2 ). Any variant that had lost expression of DRwS and Glo2, in addition to B8, had also lost expression of Al. The spontaneous variant from day 9 had lost HLA-B8 and HLA-Al.
Karyotype Analysis. Karyotypes of the parental line LCL-721 and eight of the variants were determined. The parental line had 46 chromosomes. A small pericentric inversion resulted in transposition of some heterochromatin to the short arm of one no. 16 chromosome. Four of the variants had lost expression of cis-linked alleles Al, B8, DRuw, and Glo and had the following characteristics: (i) two variants had normalappearing no. 6 chromosomes in every metaphase examined; (ii) one variant had an interstitial deletion of the region of 6p that included the HLA genes (20) , but multiple rearrangements that were present elsewhere in the cells made it difficult to determine if the genes were present but unexpressed; (iii) the fourth variant had a rearrangement, apparently an inversion or translocation, in 6p.
Three of the variants that were analyzed had lost expression of cis-linked alleles Al, B8, and DRw3. Two of these variants had a deletion in one 6p and no other major rearrangements. A complete karyotype of one of these variants is illustrated in Fig. 3 . The third triple-loss variant also had an interstitial deletion in 6p, but other major rearrangements again made it difficult to determine if the HLA genes had been lost or translocated to another chromosome. The eighth variant had lost expression of Al and B8 and had two normal-appearing no. e! t;. There is an interstitial deletion in 6p of one no. 6 chromosome that includes the region to which the HLA genes have been mapped (20) .
Proc. Natl. Acad. Sci. USA 77 (1980) 6 chromosomes. If the variants analyzed so far are representative of all variants, a large proportion of them should have detectable abnormalities in the short arm of chromosome no. 6.
DISCUSSION
We have shown that loss of HLA antigen expression can be induced in human lymphoblastoid cell lines after treatment with 300 R of 'y radiation and selection with HLA antiserum. The maximum frequency of variants, 4.1 X 10-5, was reached 5 days after irradiation. Because only 58% of the day 5 variants were analyzed, the true mutant frequency may have been about 7.0 X 10-5 per cell surviving irradiation (the survival rate was 10%) if one assumes that variants were as fit as wild-type cells. This assumption is probably false, because we noted that the average variant grew more slowly than normal cells. Therefore, the true mutant frequency may be even higher.
Twelve of 17 variants isolated by selection on day 5 were multiple-loss variants. This is strikingly different from the earlier results (7) (8) (9) in which multiple-loss variants were rare among variants that originated spontaneously or after treatment of cells with base substitution-and frameshift-inducing mutagens. Thus, if a particular antigen loss should be desired but the appropriate antiserum is not available or else not powerful enough for use as a selective agent, then selection against cislinked gene products would often suffice if ionizing radiation was used as the mutagenic agent. Even though we did not use antiserum directed against an HLA-D region encoded antigen, we readily achieved our objective of obtaining variants that no longer expressed a specific HLA-D antigen.
There are several broad categories of possible mechanisms for the origin of single-allele expression in HLA variants of heterozygous cells (21) Hypothetical explanations must account for the pattern we observed: there was either loss in expression of just one allele of one locus or, when loss in expression of alleles of more than one locus occurred simultaneously, the alleles were cis-linked. This pattern makes it unlikely that cell-wide epigenetic modulation of the expression of HLA loci was responsible for the loss of expression of specific alleles, especially when the expression of a cis-linked Gbo' allele was also lost. Furthermore, none of the variants we isolated displayed the revertibility observed in a multiple-loss variant described earlier (9). y-Ray-induced chromosome rearrangements, especially deletions, apparently are responsible for a large proportion of the antigen losses we observed. A total of 44 independent variants were isolated and 5 of the 8 variants karyotypically analyzed so far had microscopically visible aberrations involving the short arm of a no. 6 chromosome. These observations resemble those by Cox and Masson (22) , who reported that up to 40% of HPRT-deficient mutants of human fibroblasts that resulted from ionizing radiation had microscopically visible aberrations in the region of the X chromosome containing the HPRT locus.
Two independent quadruple-loss variants and a double-loss variant had two normal-appearing no. 6 chromosomes. These variants could have resulted from mitotic recombination, relatively small deletions, or regulatory mutations that had polar effects. Quadruple-loss variants could also have resulted from loss of an entire no. 6 chromosome followed by rediploidization of the remaining chromosome. cis-Acting regulatory nmutaios have been described in eukaryotes (23) , but there is scant evidence that they affected the expression of groups of contiguous loci. There is little reason to think that control over GLO and HLA genes would be coordinate.
If a deletion were responsible for formation of the variants, then there would be one copy of the allele that was expressed and, perhaps, a commensurate reduction in the amount of gene product. However, if mitotic recombination or chromosome loss and rediploidization had occurred following irradiation, there would be two copies of the expressed alleles and, perhaps, twice as much gene product as in cells with a single active gene copy.
The number of copies of the remaining HLA alleles should also strikingly affect the incidence with which expression of the alleles are lost. If a variant has two copies of the remaining HLA-B5 allele, the incidence of loss of its expression should be approximately the square of the incidence of loss of B5 expression in the original heterozygous cell line. However, if a variant has only one copy of the B5 allele, then the incidence of B5 loss should be comparable to the incidence in the original cell line. Multiple-loss variants that retained both GLO alleles could not have resulted from chromosome loss and rediploidization. Therefore, quantification of the amount of HLA-B5 and Al antigen and studies on the incidence of HLA-B5 or Al loss in such variants provide an opportunity for determining if mitotic recombination has occurred.
Variants that simultaneously lost expression of only cis-linked HLA-D(DR) and HLA-B were not observed; whenever HLA-D expression was lost, expression of the cis-linked HLA-A and -B antigens were simultaneously lost. This could be fortuitous or could have occurred if most variants that had only lost expression of Al and B8 resulted from mitotic recombination. This possibility can be examined with procedures stated in the preceding paragraph.
One objective of this work was to produce haplotypic variants that can be used for tissue typing. The haplotypic loss variants we obtained can be used much as one would use MHC homozygous lymphoblastoid cells-e.g., for the preparation of primed lymphocyte test reagents (24) , as standards for use as a panel source for screening HLA antiserum (25) , for absorption and elution of HLA antiserum, and for purification of specific HLA antigens.
We have found that all 18 variants that had lost expression of HLA-DRw3 were also negative for the HLA-D region-associated PL specificity (26) as defined by the primed lymphocyte test. We have made primed lymphocyte test reagents by using hemizygous variants as stimulators for priming lymphocytes and find that the lymphocytes are primed to HLA-D determinants encoded for by one haplotype only. Thus, these variants can be used as an alternative to homozygous lymphoblastoid cells.
Finally, HLA variants will be useful in identifying hybridomas (27) that make antibody against unique HLA antigenic specificities that are no longer expressed on variants. The supernatant fluids from such hybridomas will react with parental cells but not with variants.
